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(57) ABSTRACT

Some embodiments include methods of forming memory
arrays. A stack of semiconductor material plates may be
patterned to subdivide the plates into pieces. Electrically con-
ductive tiers may be formed along sidewall edges of the
pieces. The pieces may then be patterned into an array of
wires, with the array having vertical columns and horizontal
rows. Individual wires may have first ends joining to the
clectrically conductive tiers, may have second ends in oppos-
ing relation to the first ends, and may have intermediate
regions between the first and second ends. Gate material may
be formed along the intermediate regions. Memory cell struc-
tures may be formed at the second ends of the wires. A
plurality of vertically-extending electrical interconnects may
be connected to the wires through the memory cell structures,
with individual vertically-extending electrical interconnects
being along individual columns of the array. Some embodi-
ments include memory arrays incorporated into integrated
circuitry.
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1
INTEGRATED MEMORY ARRAYS

TECHNICAL FIELD

Integrated memory arrays, and methods of forming
memory arrays.

BACKGROUND

An imtegrated circuit 1s a miniature electronic circuit that
has been manufactured across a semiconductor material.
Memory storage 1s one of the types of functions that may be
achieved by integrated circuitry. Memory storage commonly
utilizes large arrays of 1dentical components.

A continuing goal 1n the fabrication of integrated memory
1s to increase the level of integration of memory components,
and thus to increase the amount of memory that may be
provided across a given amount of semiconductor real estate.
This can enable large amounts of memory to be provided
across small chips, which can be valuable 1n numerous appli-
cations, such as, for example, consumer electronics.

It 1s becoming increasingly difficult to reduce the scale of
existing memory arrays, and thus 1t would be desired to
develop new arrangements for memory arrays. It would be
turther desired for such new arrangements to be amenable to
fabrication with existing technologies.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1 and 2 are a diagrammatic three-dimensional view,
and a diagrammatic cross-sectional side view, respectively, of
an example embodiment of an integrated memory array.

FIG. 3 1s a diagrammatic cross-sectional side view of a
construction shown at a processing stage of an example
embodiment method of forming a memory array.

FI1G. 4 1s a diagrammatic cross-sectional side view of the
construction of FIG. 3 shown at a processing stage subse-
quent to that of FIG. 3.

FI1G. 5 1s a diagrammatic three-dimensional view of a por-
tion of the construction of FIG. 4 (specifically, the portion
labeled “S” 1n FIG. 4), shown at the processing stage of FIG.
4.

FIGS. 6-15 are diagrammatic three-dimensional views of
the portion of FIG. 5 shown at sequential processing stages of
an example embodiment method of forming a memory array,
with the processing stage of FIG. 6 following that of FIG. 5.

FI1G. 16 1s a diagrammatic three-dimensional view of sev-
eral of the structures of FIG. 15 that are hidden from view 1n
the 1llustration of FIG. 15.

FIGS. 17-19 are diagrammatic three-dimensional views of
the portion of FIG. 5 shown at sequential processing stages of
an example embodiment method of forming a memory array,
with the processing stage of F1G. 17 following that of FI1G. 15.

FIG. 20 1s a diagrammatic cross-sectional side view along,
the line 20-20 of FIG. 19.

FIG. 21 1s a diagrammatic three-dimensional view of the
portion of FIG. 5 shown at a processing stage subsequent to
that of FIG. 19.

FI1G. 22 15 a diagrammatic cross-sectional side view along
the line 22-22 of FIG. 21.

FI1G. 23 1s a diagrammatic three-dimensional view of the
portion of FIG. 5 shown at a processing stage subsequent to
that of FIG. 21.

FI1G. 24 15 a diagrammatic cross-sectional side view along
the line 24-24 of FIG. 23.
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2

FIG. 25 1s a diagrammatic three-dimensional view of the
portion of FIG. 5 shown at a processing stage subsequent to

that of FIG. 23.

FIG. 26 15 a diagrammatic cross-sectional side view along
the line 26-26 of FIG. 25.

FIG. 27 1s a diagrammatic three-dimensional view of the
portion of FIG. 5§ shown at a processing stage subsequent to
that of FIG. 25.

FIG. 28 1s a diagrammatic cross-sectional side view along
the line 28-28 of FIG. 27.

FIG. 29 1s a diagrammatic three-dimensional view of vari-
ous conductive structures of the integrated memory array
formed at the processing stage of FIG. 27.

FIG. 30 1s a diagrammatic cross-sectional side view of the
construction of FIG. 28, shown at a processing stage subse-
quent to that of FIG. 28 1n accordance with an example
embodiment method for programming memory cells within a
memory cell array.

FIG. 31 1s a diagrammatic view of a computer embodi-
ment.

FIG. 32 15 a block diagram showing particular features of
the motherboard of the FIG. 31 computer embodiment.

FIG. 33 1s a high level block diagram of an electronic
system embodiment.

FIG. 34 1s a simplified block diagram of a memory device
embodiment.

DETAILED DESCRIPTION OF TH.
ILLUSTRATED EMBODIMENTS

(L]

Some embodiments pertain to new vertical memory
designs suitable for incorporation into integrated circuitry,
and to methods of forming vertical memory. The vertical
memory may enable higher levels of integration to be
achieved than can be achieved with conventional planar
memory, and may be suitable for fabrication with existing
technologies so that it may be fabricated with relatively low
cost. In some embodiments, the vertical memory utilizes field
elfect transistor (FE'T) switching devices gatedly connected
with semiconductor material wires, and utilizes data storage
structures formed at ends of the wires. The wires and data
storage structures are together comprised by memory unit
cells, and such memory unit cells may be vertically stacked to
create a high density of the memory unit cells across a given
region of semiconductor real estate. In some embodiments,
individual memory unit cells may have feature sizes corre-
sponding to less than or equal to 25 nanometers.

Example embodiments of integrated memory arrays, and
example methods of forming integrated memory arrays, are
described with reference to FIGS. 1-30.

FIGS. 1 and 2 show a portion of a construction 10 com-
prising an example memory array. The construction 1s shown
in three-dimensional view in FIG. 1. The three primary axes
utilized for the coordinate system of FIG. 1 are shown 1n the
upper left-hand comer of the figure. The coordinate system
has a first horizontal axis 3 corresponding to an “X” axis, a
second horizontal axis 5 corresponding to a “Y”” axis, and a
vertical axis 7 corresponding to a “Z”” axis. The three primary
axes 3, 5 and 7 are orthogonal to one another.

Construction 10 includes a plurality of vertically-spaced,
horizontally-extending tiers 12, 14, 16 and 18. Such tiers
comprise electrically conductive lines 20 and 22, with the
clectrically conductive lines extending along the horizontal
direction of axis 3. In some embodiments, such lines may be
referred to as extending “primarily” along the direction of
axis 3 to indicate that there may be minor variation of the
linearity of the lines along such axis.
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The electrically conductive lines 20 and 22 may comprise
any suitable compositions or combinations of compositions.
In some embodiments, line 20 may comprise, consist essen-
tially of, or consist of one or more metals and/or one or more
metal-containing compounds. For instance, line 20 may com-
prise, consist essentially of, or consist of metal silicide (for
instance, tungsten silicide, tantalum silicide, titanium sili-
cide, cobalt silicide, nickel silicide, etc.). In such embodi-
ments, line 22 may comprise conductively-doped semicon-
ductor material, such as, for example, conductively-doped
silicon.

Although the electrically conductive tiers 12,14, 16 and 18
are shown comprising two adjacent lines 20 and 22 of differ-
ent conductive materials, in other embodiments the tiers may
comprise only a single line of conductive material, and 1n yet
other embodiments the tiers may comprise more than two
lines of conductive materials.

Construction 10 also includes a plurality of wires 24-39
jo1ined to the tiers 12, 14, 16 and 18, and extending horizon-
tally along the direction of axis 3. In some embodiments, the
wires may be referred to as extending “primarily” along the
direction of axis 3 to indicate that there may be minor varia-
tion of the linearity of the wires along such axis.

The wires 24-39 comprise semiconductor material, such
as, for example, one or both of silicon and germanium. The
wires have first ends 40 (only labeled for wire 24) joined to the
tiers, and have second ends 42 (only labeled for wire 24) in
opposing relation to the first ends.

The wires 24-39 are arranged 1n a two-dimensional array,
with one of the dimensions of such array being along hori-
zontal axis 5, and the other of the dimensions of the array
being along vertical axis 7. The two-dimensional array may
be considered to comprise rows along horizontal axis 5, and to
comprise columns along vertical axis 7.

The tiers 12, 14, 16 and 18 interconnect wires along the
rows of the array (for instance, tier 18 imnterconnects the wires
24-27 along a row of the array).

FIG. 2 shows a cross-section along a plane orthogonal to
axis 3 of FIG. 1 (specifically, along a plane parallel to axis 5
of FIG. 1), and shows that the wires 24-39 are square-shaped
along such cross section. In other embodiments, the wires
may have other shapes along the cross-section of FIG. 2,
including, for example, circular, oval, elliptical, rectangular,
etc.

Gate dielectric 46 (only some of which 1s labeled in FIG. 1,
but all of whichislabeled 1n FIG. 2)1s along outer edges of the
wires 24-39. In the shown embodiment, the wires have a
square cross-sectional shape, and the gate dielectric 1s formed
along opposing sidewalls of such square shape. Accordingly,
the gate dielectric only partially surrounds the individual
wires. In other embodiments, the gate dielectric may entirely
surround the individual wires.

The gate dielectric 46 may comprise any suitable compo-
sition or combination of compositions, and in some embodi-
ments may comprise, consist essentially of, or consist of
silicon dioxide. The gate dielectric may be homogeneous, as
shown, or may comprise multiple different materials.

Electrically conductive gate material 48 1s provided around
the wires 24-39. In the shown embodiment, the gate material
48 forms a gate structure 50 that extends primarily 1n a ver-
tical direction (i.e., primarily along the axis 7). The gate
material 48 1s shown contacting the gate dielectric 46 on two
opposing sides of each of wires 24-39. In other embodiments,
the gate dielectric 46 may entirely surround the individual
wires, and the gate material 48 may also entirely surround the
individual wires.
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Although the gate structure 1s shown comprising a single
homogeneous material 48, in other embodiments the gate
structure may comprise two or more different materials. The
various materials of gate structure 50 may comprise any suit-
able composition or combination of compositions. In some
embodiments, such materials may comprise one or more of
various metals (for instance, titanium, tungsten, cobalt,
nickel, etc.), metal-containing compositions (for instance,
metal nitrides, metal silicides, etc.), and conductively-doped
semiconductor materials (for mstance, conductively-doped
s1licon, conductively-doped germanium, etc.).

The wires 24-39 may be considered to have intermediate
regions 44 (F1G. 2, and labeled only for wire 24) between the
first and second ends 40 and 42. The intermediate regions are
not labeled 1n FIG. 1, due to such regions being hidden by gate
structure 50.

Memory cell structures 52 (FIG. 1) are formed at the ends
of wires 24-39. The memory cell structures may be alterna-
tively referred to as data storage structures, and may be any
structures suitable for storing data in a memory cell. Although
the gate structures are shown to be homogeneous, 1n some
embodiments the gate structures may comprise multiple dii-
ferent materials.

In some embodiments, the memory cell structures 52 may
correspond to one time programmable structures, resistance
RAMS (1.e., memory that changes resistance upon switching;
including phase change memory, oxide RAM, etc.), multi-
time programmable devices, etc. In some embodiments, the
memory cell structures may be antifuse structures; such as,
for example, structures of the types described in U.S. Pat. No.
7,210,224, listing Jigish D. Trivedi as the inventor, and listing
Micron Technology, Inc. as the assignee. In some embodi-
ments, the memory cell structures may correspond to MRAM
structures; such as, for example, structures of the types
described in U.S. Pat. No. 7,214,547, listing Joel A. Drewes
as the mventor, and listing Micron Technology, Inc. as the
assignee. In some embodiments, the memory cell structures
may be phase change memory structures; such as, for
example, structures of the types described 1n U.S. Pat. Nos.
7,332,735 and 7,511,984, listing Kristy A. Campbell and Jun
L1iu as the inventors, respectively, and listing Micron Tech-
nology, Inc. as the assignee.

If the memory cell structures 52 correspond to antifuse
structures, they may contain a thin layer of dielectric material
between a pair of electrodes. In operation, sufficient voltage
may be passed to break down the dielectric and thereby cause
the electrodes to electrically contact one another. A program-
ming state of a memory cell structure may be designated by
whether the structure 1s a blown antifuse, or an antifuse which
1s not blown. The memory cell structures 52 are shown to be
homogeneous, and 1n some embodiments may correspond to
the thin dielectric of antifuse structures. In other embodi-
ments, the memory cell structures may not be homogeneous,
but may instead comprise a pair of electrically conductive
clectrodes having a thin layer of dielectric matenal therebe-
tween.

If memory cell structures 52 correspond to MRAM struc-
tures, then the memory cell structures may comprise a pair of
magnetic materials, and a nonmagnetic material between the
magnetic materials. In operation, the orientation of a mag-

netic moment 1n one of the magnetic materials may be com-
pared relative to the orientation of a magnetic moment in the
other of the magnetic materials to determine a programming
state of the memory cell structure.
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If memory cell structures 52 correspond to phase change
memory structures, then the memory cell structures may
comprise phase change material, such as, for example, vari-
ous chalcogenides.

A plurality of cell strings are configured as vertically-
extending electrical interconnects (specifically, vertically-ex-
tending bars) 54, 56, 58 and 60 (FIG. 1) that extend along
columns of the wires (for instance, bar 54 extends along a
column comprising wires 24, 28, 32 and 36), and that elec-
trically connect to the wires through the memory cell struc-
tures 52. The bars 54, 56, 58 and 60 may comprise any
suitable electrically conductive material or combination of
materials, and may, for example, comprise one or more of
various metals (for instance, titanium, tungsten, cobalt,
nickel, etc.), metal-containing compositions (for instance,
metal nitrides, metal silicides, etc.), and conductively-doped
semiconductor materials (for mstance, conductively-doped
silicon, conductively-doped germanium, etc.). The bars 54,
56, 538 and 60 are shown 1n phantom view in FIG. 1 so that
other structures are visible through the bars.

The tiers 12, 14, 16 and 18 are shown electrically con-
nected to circuitry 61-64, respectively; the gate structure 50 1s
shown electrically connected to circuitry 63; and the vertical
bars 54, 56, 58 and 60 are shown electrically connected to
circuitry 66-69, respectively. Most of the circuitry 1s 1llus-
trated with boxes, and 1t 1s to be understood that the circuitry
can be any suitable circuitry. The circuitry may be provided 1in
any suitable locations proximate the various structures of
construction 10. For instance, at least some of the circuitry
may be under the construction, at least some of the circuitry
may be laterally adjacent the construction, and/or at least
some of the circuitry may be over the construction. The cir-
cuitry corresponds to logic and wiring utilized to read and/or
write from the memory array of construction 10.

An example circuit 1s shown for circuitry 69. Such example
circuit includes a transistor 70 having a gate 72 and source/
drain regions 74 and 76. The gate 1s electrically connected to
a row line 78, one of the source/drain regions 1s electrically
connected to bar 60, and the other of the source/drain regions
1s connected to a bitline 80.

The wires 24-39 may be doped so that such wires, 1n
combination with gate structure 50, form a plurality of tran-
sistor devices. Specifically, the intermediate regions 44 of the
wires may be doped to correspond to channel regions of the
transistor devices, and the ends 40 and 42 of the wires may be
doped to correspond to source/drain regions of the transistor
devices. In operation, current passed through gate structure
50 may be used to gatedly couple the source/drain regions at
the ends of the wires to one another through the channel
regions in the intermediate portions the wires. The various
circuitry 61-69 may be utilized to uniquely address individual
memory cell structures 52 when current 1s passed through
gate structure 50. For instance, circuitry 61 electrically con-
nects to a memory cell structure 52 at the end of wire 24, and
circuitry 66 clectrically connects to the same memory cell
structure through vertical bar 54. Thus, the circuitries 61 and
66 may be together utilized to program such memory cell
structure and/or to read the programmed state of such
memory cell structure. If the memory cell structure 1s an
antifuse device, the programming may comprise providing a
suificient voltage differential between circuitry 61 and cir-
cuitry 66 to blow the antifuse; and subsequent reading may
comprise ascertaiming 1f current flow through the memory
structure corresponds to a blown or a not-blown antifuse
device.

Although construction 10 1s shown having gaps between
the vertically-spaced tiers 12, 14,16 and 18, between adjacent
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wires, and between adjacent vertical bars 54, 56, 38 and 60;
any suitable dielectric materials may be provided in such gaps
to electrically 1solate the various electrical components from
one another.

Construction 10 may be formed to be integrated circuitry
supported by a semiconductor substrate, and may be formed
utilizing any suitable fabrication process. Example processes
are described with reference to FIGS. 3-30.

Referring to FIG. 3, a semiconductor construction 100
comprises alternating layers of first and second materials 102
and 104, respectively. The materials are supported by a sub-
strate 101.

Substrate 101 can comprise, consist essentially of, or con-
s1st of, for example, monocrystalline silicon lightly-doped
with background p-type dopant, and may be referred to as a
semiconductor substrate. The term “semiconductor sub-
strate” means any construction comprising semiconductive
material, imncluding, but not limited to, bulk semiconductive
materials such as a semiconductive water (either alone or in
assemblies comprising other materials thereon), and semi-
conductive material layers (either alone or 1n assemblies com-
prising other materials). The term “substrate” means any
supporting structure, including, but not limited to, semicon-
ductor substrates.

The second material 104 1s ultimately patterned into wires
analogous to the wires 24-39 of FIG. 1. Accordingly, the
second material 104 comprises semiconductor material, and
in some embodiments may comprise, consist essentially of,
or consist of one or both of silicon and germanium.

In some embodiments, the first material 102 1s selectively
removable relative to the second material 104. In such
embodiments, materials 102 and 104 may both correspond to
semiconductor materials, but may differ from one another 1n
composition and/or doping. For instance, one of the materials
102 and 104 may comprise silicon and not germanium; while
the other comprises germanium and not silicon. As another
example, one of the materials 102 and 104 may consist of
s1licon, while the other comprises, consist essentially of, or
consists of a combination of silicon with germanium. As yet
another example, both of materials 102 and 104 may corre-
spond to doped silicon, but one of the materials may be p-type
doped and the other may be n-type doped.

In the shown embodiment, barrier material 106 1s provided
between the materials 102 and 104. The barrier material may
be used to prevent dopant from dispersing between layers 102
and 104 1n embodiments 1n which a difference between mate-
rials 102 and 104 1s the dopant type and/or concentration. In
other embodiments, the barrier material may be omitted. The
material 106 may comprise any suitable composition, and in
some embodiments may be an electrically insulative material.
For instance, material 106 may comprise, consist essentially
of, or consist of silicon dioxide.

In some embodiments, the first material 102 1s an electri-
cally insulative material. For instance, the first material may
comprise, consist essentially of, or consist of silicon dioxide.
The barrier material 106 may be omitted 1n such embodi-
ments, so that materials 102 and 104 are stacked directly
against one another. In embodiments 1n which material 102 1s
an electrically msulative material, the material 102 may be
considered to be 1n the form of electrically insulative sheets
provided between vertically-stacked plates of material 104.

The alternating materials 102 and 104 may be formed over
substrate 101 with any suitable processing. For instance, the
alternating materials may be formed by epitaxial growth from
over a surface of substrate 101; and/or may be deposited over
the surface of substrate 101 utilizing chemical vapor deposi-
tion (CVD) and/or atomic layer deposition (ALD). In




US 8,158,967 B2

7

embodiments 1n which barrier material 106 1s provided, such
barrier material may be formed utilizing any suitable process-
ing; including for example, one or both of CVD and ALD.

In the shown embodiment, materials 102 and 104 are
formed within a trench that extends into substrate 101. In
other embodiments, materials 102 and 104 may be formed
across a non-trenched upper surface of substrate 101, rather
than within a trench.

Although substrate 101 1s shown to be homogeneous, 1n
some embodiments there may be circuitry formed across or
within substrate 101 prior to forming the alternating materials
102 and 104. For instance, some of the circuitry 61-69 of FIG.
1 may be provided over or within substrate 101 prior to
forming the alternating materials 102 and 104.

Referring to FIG. 4, materials 102 and 106 (FIG. 3) are
selectively removed relative to material 104 to leave a stack of
vertically-spaced plates 108 of material 104. The plates are
spaced from one another by gaps 103.

The matenials 102 and 106 may be removed by forming
openings (not shown) extending through maternials 102, 104
and 106, and then providing etchant within such openings;
with the etchant being selective for materials 102 and 106
relative to material 104. Although material 106 1s shown to
have been removed, 1n other embodiments only material 102
may be removed; and accordingly materials 104 and 106 may
remain at the processing stage of FIG. 4.

The selective removal of material 102 relative to material
104 may comprise any suitable processing. In some embodi-
ments, material 102 comprises germanium and material 104
consists of silicon; and the removal of material 102 utilizes
one or more ol hydrofluoric acid, nitric acid, acetic acid,
hydrogen peroxide, ammonium hydroxide, ozone and HCI.
In some embodiments, material 102 comprises p-type doped
s1licon, and material 104 comprises n-type doped silicon, and
the selective removal of material 102 utilizes tetramethylam-
monium hydroxide.

The shown embodiment has four vertically-spaced plates
108. The number of vertically-spaced plates may be selected
to achueve a desired number of wires along a column of a
memory array of the type shown i FIG. 1; and accordingly
may be a number greater than four.

An advantage of forming the alternating materials within
the trench 1s that the sidewalls of the trench may assist in
supporting the vertically-spaced plates 108. In the shown
embodiment, the vertically-spaced plates 108 are supported
only by the sidewalls of the trench that the plates have been
formed 1n. In other embodiments, spacers (not shown) may be
provided between the plates to support the plates.

FI1G. 5 shows a three-dimensional view of a portion of FIG.
4 corresponding to the vertically-spaced plates 108 1n 1sola-
tion from substrate 101. The three-dimensional view of FIG.
5 utilizes the same coordinate system discussed above with
reference to FIG. 1, and accordingly coordinate axes 3, 5 and
7 are shown 1n the upper left-hand corner of FIG. 5. The
remaining FIGS. 6-30 will be shown 1n 1solation from sub-
strate 101 1n order to simplily the drawings, but 1t 1s to be
understood that the various structures shown 1n FIGS. 6-30
would be supported by the semiconductor substrate 101.

In embodiments 1n which material 102 (FIG. 3) comprises
an electrically isulative material, the processing of FIG. 4
may be omitted, so that the insulative material remains
between the vertical plates at subsequent processing steps.
Accordingly, 1n some embodiments, the structure of FIG. 5
will comprises sheets of insulative material 102 within the
regions shown as gaps 103 1n the figure.

Referring to FIG. 6, a patterned mask 110 1s formed over
the vertically-stacked plates 108. Mask 110 comprises a plu-
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rality of features 112 which are spaced from one another by
gaps 114. The features 112 may be formed from any suitable
material; including, for example, a hard mask material (for
instance, metal nitride, silicon nitride, etc.). If the features
112 comprise a hard mask maternial, such material may be
formed 1nto the shown pattern by initially forming a uniform
layer of the material across the upper surface of the top plate
108; then forming photolithographically-patterned photore-
sist over the hard mask material, transferring a pattern from
the photoresist into the hard mask material, and subsequently
removing the photoresist to leave the shown construction. In
other embodiments, the photoresist may remain over the hard
mask material at the processing stage of FIG. 6.

Referring to FI1G. 7, gaps 114 are extended through plates
108 (FIG. 6) with a suitable etch; such as, for example, a
reactive 1on etch. Such subdivides the plates into a plurality of
planar pieces 116. Spacers, lattices, or other supporting struc-
tures (not shown) may be provided between and under the
plates at various locations, prior to the subdivision of the
plates, to support the various planar pieces.

In embodiments in which the material 102 of FIG. 3 1s not
removed (1.e., in the embodiments discussed above with ret-
erence to FIGS. 3-5 in which insulative material sheets of
material 102 remain in the locations shown as gaps 103), the
etching of FIG. 7 will be conducted through a stack compris-
ing alternating materials 102 and 104. Such etching may be
considered to subdivide the plates 108 (FIG. 6) into planar
pieces 116, and to subdivide the msulative material 102 (FIG.
3) 1into 1mnsulative spacers between the planar sheets (the 1nsu-
lative spacers would be 1n the locations of gaps 103 in F1G. 7).

Referring to FIG. 8, mask 110 (FIG. 7) 1s removed, and
replaced with a new mask 118. Mask 118 comprises a plural-

ity of features 120 which are spaced from one another by gaps
122. Gaps 122 are wider than the gaps 114 (FIG. 6) that had

been defined by the previous mask 110 (FIG. 6). Mask 118
may be formed of any suitable material or combination of
materials; including, for example, one or both of a hard mask
material and photoresist.

After mask 118 1s provided, dopant 1s implanted through
gaps 122 to form implant regions 124 along sidewalls of the
semiconductor material 104 of the planar pieces 116. In some
embodiments, the dopant may be n-type. In such embodi-
ments the implant regions 124 may comprise an “n” dopant
level or an “n+” dopant level, and 1n either event will be
conductively-doped regions.

After the implant regions 124 are formed, the mask 118
may be removed to leave the construction shown 1n FIG. 9.

Referring to FIG. 10, msulative material 126 1s formed
between the planar pieces 106. The msulative material 126
may comprise any suitable composition, and 1n some embodi-
ments may comprise, consist essentially of, or consist of
s1licon dioxide. Insulative material 126 may be formed with
any suitable processing, including, for example, one or both
of CVD and ALD. In embodiments in which material 102
(FI1G. 3) 1s insulative material (such as silicon dioxide), and 1n
which the processing of F1G. 4 1s omitted so that material 102
remains between the planar pieces 116 at the processing stage
of FIG. 8 (instead of the gaps 103), the msulative material
between the planar pieces may be material 102 instead of
material 126.

The msulative material 126 forms spacers 128 between the
planar pieces 116, and also forms a spacer 128 over the
uppermost planar piece 116. There may also be mnsulative
material along the bottom of the lowermost planar piece 116,
although such 1s not shown in FIG. 10. The shown construc-
tion comprises stacks of alternating materials 104 and 126; or
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alternatively considered, comprises stacks of alternating pla-
nar pieces 116 and spacers 128.

The gaps 114 remain between the planar pieces 116 after
formation of 1nsulative material 126. I the formation of the
insulative material fills or partially fills such gaps, additional
masking and etching may be conducted to re-establish the
gaps and form the construction of FIG. 10.

After insulative material 126 1s formed, construction 100 1s
subjected to salicidation conditions to form silicide 130 along
outer edges of the doped regions 124. The silicide 130 forms
clectrically conductive tiers 131 along the sidewall edges of
semiconductor material 104, with such tiers being analogous
to those described 1n FIG. 1 as tiers 12, 14, 16, and 18. The
tiers 131 are linear, and extend primarily along the horizontal
axis 5 of the three-dimensional coordinate system shown 1n
the figures.

The silicide 130 may comprise any suitable composition,
and may, for example, comprise, consist essentially of, or
consist of one or more of cobalt silicide, nickel silicide, tita-
nium silicide, etc.

The salicidation reaction 1s one of many methods that may
be used to form conductive runners along the sidewall edges
of the planar pieces 116. Another example method 1s to lat-
erally recess such sidewall edges to form gaps over the under-
lying spacers 128, and to then fill such gaps with one or more
electrically conductive materials (for instance, one or more of
various metals, metal-containing compositions, and conduc-
tively-doped semiconductor maternials).

Referring to FIG. 11, a patterned mask 132 (shown in
dashed line) 1s formed over the stack of materials 104/126,
and 1s used to pattern a {ill within gaps 114 so that the gaps
become filled with insulative material 134. Insulative mate-
rial 134 may have any suitable composition, and in some
embodiments may comprise, consist essentially of, or consist
of silicon dioxide. The insulative material may be deposited
within the gaps 114 and over the mask 132, and then chemi-
cal-mechanical polishing (CMP), or other suitable process-
ing, may be used to remove the msulative material from over
the mask. In subsequent processing, the mask may be
removed to leave the construction of FIG. 12. Such construc-
tion has rails 135 of maternial 134 extending above the upper-
most surfaces of the stacks of materials 104/126.

Referring to FIG. 13, masking material 136 1s formed over
the stacked materials 104/126 and patterned into a mask. The
patterned mask has segments 138 extending along rails 135,
and has segments 140 extending orthogonally to the segments
138. The segments 138 and 140 may be formed sequentially
relative to one another in some embodiments.

The masking material 136 may be a hard mask material (for
instance, metal mitride, silicon nitride, etc.). The material 136
may be formed in the shown pattern by initially forming a
uniform layer of hard mask material across the stacked mate-
rials 104/126; then forming photolithographically-patterned
photoresist over the hard mask material, transtferring a pattern
from the photoresist into the hard mask material, and subse-
quently removing the photoresist to leave the shown con-
struction. In other embodiments, the photoresist may remain
over the hard mask at the processing stage of FIG. 13.

Referring to FIG. 14, patterned material 136 1s used as a
mask during an etch into stacked materials 104/126. Such
ctch may be any suitable etch; such as, for example, a reactive
ion etch.

The etching through material 104 of the planar pieces 116
(FI1G. 13) forms lines 142 of the semiconductor material 104,
with such lines extending orthogonally to tiers 131; and spe-
cifically extending along the axis 3 of the three-dimensional
coordinate system shown in the figures. The lines 142 will
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ultimately be patterned to form wires analogous to those
described 1in FIG. 1 as wires 24-39.

Referring to FIG. 15, masking material 136 (FI1G. 14) 1s
removed, and the remaining structure i1s covered with an
insulative material 144. Such insulative material may, for
example, comprise, consist essentially of, or consist of silicon
dioxide. In some embodiments, at least some of the masking
material 136 may not be removed prior to forming 1nsulative
material 144. For instance the segments 138 (FI1G. 14) of the
masking material that are along rails 134 (FIG. 14) may
remain at the processing stage of FIG. 15 1n some embodi-
ments.

FIG. 16 shows the arrangement of the various conductive
and semiconductive components at the processing stage of
FIG. 15, 1n 1solation from the mnsulative components of FIG.
15, to assist the reader 1n visualizing the layout of various
structures that are hidden from view 1n the diagram of FIG.
15.

Referring to FIG. 17, masking maternial 146 (shown 1in
phantom view) 1s formed over the insulative material 144.
The masking material 1s patterned into a plurality of features
148 which are spaced from one another by gaps 150. Masking
material 146 may comprise any suitable composition; includ-
ing, for example, a hard mask composition.

Referring to FIG. 18, gaps 150 are extended through insu-
lative material 144 with one or more suitable etches, and then
masking material 146 (FIG. 17) 1s removed.

Referring to FIGS. 19 and 20, gate dielectric 46 (FIG. 20)
and gate material 48 are formed within gaps 150 (FI1G. 18) and
over the stacked materials 104/126. The gate material may
then be subjected to planarization, for example CMP, to form
the shown planarized surface 151 extending across materials
48, 134 and 144. The gate dielectric 46 and gate material 48
can be 1dentical to the gate dielectric and gate material dis-
cussed above with reference to FIGS. 1 and 2. Although the
gate dielectric 1s shown to be homogeneous, 1n other embodi-
ments (not shown), the gate dielectric may comprise two or
more different materials. Also, although only one gate mate-
rial 1s shown, in other embodiments (now shown) multiple
gate materials may be utilized.

FIG. 20 shows that the lines formed from the alternating
maternials 104 and 126 (such lines extend in and out of the

ative to the cross-sectional view of FIG. 20) create

page re.
vertically-extending stacks (with a pair of such stacks being

shown 1n FIG. 20, and being labeled as stacks 145 and 147).
Each stack has a pair of opposing sidewalls (the opposing
sidewalls of stack 145 are labeled 141 and 143). The gate

dielectric 46 extends along and directly against the insulative
material 126 and the semiconductor material 104 of such
sidewalls; and the gate material 48 extends along the side-
walls, and 1s spaced from the sidewalls by the gate dielectric.
Referring to FIGS. 21 and 22, patterned masking material
152 1s formed over planarized surface 151. The patterned
masking material has opemings 154-159 extending there-
through. The patterned masking material may comprise a
hard mask composition, and may be patterned utilizing pro-
cessing analogous to that discussed above with reference to
FIG. 6 for patterning the material of mask 110. The patterned
masking material 1s utilized during etching through materials
104, 126 and 144. Such etching extends openings 154-159
through materials 104, 126 and 144 as shown 1n FIG. 22.

Once that openings 154-139 penetrate through the various
lines of semiconductor material 104, the lines are broken into

segments; with each segment corresponding to a wire 160.

The wires 160 are analogous to the wires 24-39 discussed
above with reference to FIGS. 1 and 2. Each of the wires 160

has a first end joined to the tiers comprising silicide 130, and
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a second end 1n opposing relation to the first end. The second
ends of the wires are along the openings 154-159. Some of the
first ends of the wires 160 are labeled 161 in the cross-
sectional view of FI1G. 22, and some of the second ends of the
wires 160 are labeled 163 1n FIG. 22. The wires 160 also have
intermediate regions between the first and second ends, with
such mtermediate regions extending through gate dielectric
46 and gate material 48; analogously to the description pro-
vided above with reference to FIGS. 1 and 2. Some of the
intermediate regions are labeled 165 1n FIG. 22.

Analogously to the wires 24-39 discussed above with rei-
erence to FIGS. 1 and 2, the wires 160 may have the interme-
diate regions 165 doped to be channel regions of transistor
devices (for example, provided with a threshold voltage
dopant), and may have the ends 161 and 163 heavily doped to
be source/drain regions. In some embodiments, the doping of
the intermediate regions may occur during the nitial forma-
tion of the semiconductor material 1n the stack of FIG. 3, and
the doping of ends 161 may occur with the heaving doping at
the processing stage of FIG. 8. In such embodiments, the
doping of ends 163 may occur at the processing stage of FIG.
22 by implanting dopant into openings 154-1359 to dope the
portions of the wires 160 adjacent such openings. Alterna-
tively, the doping of the ends 163 of wires 160 may occur at
other processing stages, such as, for example, by out-difiu-
sion of dopant from structures that are subsequently formed
adjacent to the ends 163.

Referring to FIGS. 23 and 24, memory cell material 170 1s
formed within openings 154-159, and along the second ends
163 of wires 160. The memory cell material may be any
composition suitable to form memory cell structures. For
instance, 1f the memory cell structures are to be antifuses, the
memory cell material 170 may be dielectric that 1s to be
formed between a first electrode corresponding to an end 163
of awire 160, and a second electrode that will be provided on
an opposing side of the dielectric from the first electrode.

Although one memory cell material 1s shown, in some
applications there may be multiple memory cell materials
tformed within the openings. For instance, the memory cell
materials may correspond to a stack containing a thin layer of
dielectric material sandwiched between a pair of conductive
maternals, so that the entire stack 1s provided as antifuse
structures against the ends 163 of wires 160.

In some embodiments, the memory cell material 170 may
comprise phase change material, and may be suitable for
forming PCRAM type memory structures.

In some embodiments, memory cell materials may be pro-
vided to comprise a non-magnetic layer sandwiched between
a pair of magnetic layers, and may be suitable for forming
MRAM-type memory structures.

The memory cell material 170 forms a uniform liming
within openings 154-159. Such may be accomplished with
any suitable methodology, including, for example, one or
more of ALD, CVD and physical vapor deposition (PVD).

Although the memory cell material 170 1s shown forming
a uniform lining along the sidewalls of openings 154-159, 1n
other embodiments the memory cell material may be selec-
tively formed only along the exposed ends 163 of the wires
160. Such selective placement of the memory cell material
may utilize any suitable methodology, including, for
example, selective ALD, electroless plating and/or electro-
lytic plating.

Referring to FIGS. 25 and 26, openings 1354-159 (FIGS. 23
and 24) are filled with electrically conductive material 180.
The electrically conductive material 180 may comprise any
suitable composition, and in some embodiments may com-
prise one or more of various metals (for mstance, titanium,
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tungsten, cobalt, nickel, etc.), metal-containing compositions
(for instance, metal mitrides, metal silicides, etc.), and con-
ductively-doped semiconductor materials (for instance, con-
ductively-doped silicon, conductively-doped germanium,
ctc.). Although a single homogenous material 180 1s shown
filling the openings, in other embodiments (not shown) the
openings may be filled with multiple materials. The one or
more materials utilized to fill the openings may be formed by
any suitable method, including, for example, one or more of

CVD, ALD and PVD.

Referring to FIGS. 27 and 28, matenials 152, 170 and 180
(FIGS. 25 and 26) are etched back to about the level of surface
151. Such etchback may be accomplished with CMP. The
memory cell material 170 forms a plurality of tubes that
extend vertically along the ends of wires 160; and the con-
ductive material 180 forms electrically conductive cores
within such tubes. The material 170 forms memory cell struc-
tures analogous to the memory cell structures 52 discussed
above with reference to FIGS. 1 and 2, and the cores formed
from conductive material 180 are vertical interconnects
analogous to the bars 54, 56, 58 and 60 discussed above with
reference to FIGS. 1 and 2.

FIG. 29 shows the arrangement of the various primary
components at the processing stage of FIGS. 27 and 28, 1n
1solation from some of the insulative components of FIGS. 27
and 28, to assist the reader 1n visualizing the layout of various
structures that are hidden from view 1n the diagram of FIG.
27. Some of the features illustrated 1n FI1G. 29 are shown 1n
phantom view so that other features may be seen behind them.
The phantom view 1s not utilized to indicate importance, or
lack thereot, of various features, or to indicate that certain
features are optional. Only some of the various repeating
structures of FIG. 29 are labeled, 1n order to simplily the
drawing.

The embodiment of FIG. 29 1s analogous to that of FIG. 1.
The wires 160 of FIG. 29 are analogous to the wires 24-39
(FIG. 1), and, like the wires 24-39, form two-dimensional
arrays containing rows and columns. The conductive lines of
material 130 form tiers analogous to the tiers 12, 14,16 and 18
of F1G. 1, and, like the tiers 12, 14, 16 and 18, the tiers of FIG.
29 interconnect rows of wires. The conductive material 180 of
FIG. 29 forms vertically-extending electrical interconnects,
or cell strings, (specifically, cylindrical rods) analogous to the
bars 54, 56, 58 and 60 of FIG. 1, and, like such bars, the
vertically-extending electrical interconnects of FIG. 29 are
along columns of the arrays of wires. The memory cell mate-
rial 170 of F1G. 29 forms memory cell structures analogous to
the structures 52 of FIG. 1. However, 1n the embodiment of
FIG. 1 the memory cell structures 52 are formed of materials
that are only at the ends of the wires, whereas 1n the embodi-
ment o FIG. 29 the memory cell material 170 extends the full
length of the vertical interconnects of material 180. The
embodiment of FIG. 29 may be more cost-efficient to manu-
facture, and may be suitable in applications 1n which there
will not be cross-talk through the memory cell material 170.
In other applications, such as when there could be cross-talk
between adjacent memory cells 1f the memory cell material
were continuous between the adjacent memory cells, the
embodiment of FIG. 1 may be more appropriate.

FIG. 29 shows that 1n some embodiments the cell strings
corresponding to the vertically-extending electrical intercon-
nects (1.¢., the rods formed of material 180) may be shared by
memory cells on opposing sides of the cell strings. Such may
enable high levels of integration to be achieved.

Circuitry analogous to the circuitry 61-70 of FIG. 1 1s not
shown 1n FIG. 29, but such circuitry would be present. Vari-
ous components of such circuitry may be 1 any desired
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location relative to the construction of FI1G. 29; and accord-
ingly may be below, above, or laterally adjacent the construc-
tion of FIG. 29.

As discussed previously, the one or more memory cell
materials may be provided to form various types of memory
cell structures suitable for storage of data. In some applica-
tions, the memory cell material 170 may correspond to a thin
layer of dielectric material utilized to form antifuses between
the wires 160 and the rods formed of material 180. Data may
be stored by either blowing an antifuse (to break down the
dielectric and form a conductive contact) or not blowing an
antifuse. FIG. 30 shows the construction 100 of FIG. 28 1n an
application in which the memory cell material 170 consists of
the thin dielectric material utilized for antifuses. The con-
struction 1s shown after programming has been conducted to
form some regions 200 of blown antifuses, while leaving
other regions 202 where the antifuses are not blown. The
blown antifuses may correspond to one type of data bit, while
the not-blown antifuses correspond to a different type of data
bit; and thus the arrangement of blown and not-blown anti-
fuses may store information. Such information may be later
accessed by using different combinations of current through
various gates, tiers and vertical columns of construction 100
to uniquely address the various memory cells of the construc-
tion.

The embodiments discussed above may be utilized 1n elec-
tronic systems, such as, for example, computers, cars, air-
planes, clocks, cellular phones, etc.

FIG. 31 1llustrates an embodiment of a computer system
400. Computer system 400 includes a monitor 401 or other
communication output device, a keyboard 402 or other com-
munication input device, and a motherboard 404. Mother-
board 404 may carry a microprocessor 406 or other data
processing unit, and at least one memory device 408. Memory
device 408 may comprise an array of memory cells, and such
array may be coupled with addressing circuitry for accessing
individual memory cells 1n the array. Further, the memory cell
array may be coupled to a read circuit for reading data from
the memory cells. The addressing and read circuitry may be
utilized for conveying information between memory device
408 and processor 406. Such 1s illustrated in the block dia-
gram of the motherboard 404 shown 1n FI1G. 32. In such block
diagram, the addressing circuitry 1s 1llustrated as 410 and the
read circuitry 1s illustrated as 412.

Processor device 406 may correspond to a processor mod-
ule, and associated memory utilized with the module may
comprise various structures of the types described with ret-
erence to FIGS. 1-30.

Memory device 408 may correspond to a memory module,
and may comprise various structures of the types described
with reference to FIGS. 1-30.

FI1G. 33 illustrates a simplified block diagram of a high-
level organization of an electronic system 700. System 700
may correspond to, for example, a computer system, a pro-
cess control system, or any other system that employs a pro-
cessor and associated memory. Electronic system 700 has
functional elements, including a processor 702, a control unit
704, a memory device unit 706 and an input/output (I/0)
device 708 (1t 1s to be understood that the system may have a
plurality of processors, control units, memory device units
and/or I/0 devices 1n various embodiments). Generally, elec-
tronic system 700 will have a native set of instructions that
specily operations to be performed on data by the processor
702 and other iteractions between the processor 702, the
memory device unit 706 and the I/O device 708. The control
unit 704 coordinates all operations of the processor 702, the
memory device 706 and the I/O device 708 by continuously
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cycling through a set of operations that cause nstructions to
be fetched from the memory device 706 and executed. The
memory device 706 may include various structures of the
types described with reference to FIGS. 1-30.

FIG. 34 1s a simplified block diagram of an electronic
system 800. The system 800 1includes a memory device 802
that has an array of memory cells 804, address decoder 806,
row access circuitry 808, column access circuitry 810, read/
write control circuitry 812 for controlling operations, and
input/output circuitry 814. The memory device 802 further
includes power circuitry 816, and sensors 820, such as current
sensors for determining whether a memory cell 1s 1n a low-
threshold conducting state or 1n a high-threshold non-con-
ducting state. The 1illustrated power circuitry 816 includes
power supply circuitry 880, circuitry 882 for providing a
reference voltage, circuitry 884 for providing a first intercon-
nection line (for mstance, a wordline) with pulses, circuitry
886 for providing a second interconnection line (for instance,
another wordline) with pulses, and circuitry 888 for providing
a third interconnection line (for instance, a bitline) with
pulses. The system 800 also includes a processor 822, or
memory controller for memory accessing.

The memory device 802 recerves control signals from the
processor 822 over wiring or metallization lines. The memory
device 802 1s used to store data which 1s accessed via /O
lines. At least one of the processor 822 or memory device 802
may include various structures of the types described with
reference to FIGS. 1-30.

The various electronic systems may be fabricated in single-
package processing units, or even on a single semiconductor
chip, 1n order to reduce the communication time between the
processor and the memory device(s).

The electronic systems may be used in memory modules,
device drivers, power modules, communication modems,
processor modules, and application-specific modules, and
may include multilayer, multichip modules.

The electronic systems may be any of a broad range of
systems, such as clocks, televisions, cell phones, personal
computers, automobiles, industrial control systems, aircratt,
etc.

In compliance with the statute, the subject matter disclosed
herein has been described 1n language more or less specific as
to structural and methodical features. It 1s to be understood,
however, that the claims are not limited to the specific features
shown and described, since the means herein disclosed com-
prise example embodiments. The claims are thus to be
afforded full scope as literally worded, and to be appropri-

ately mterpreted 1n accordance with the doctrine of equiva-
lents.

We claim:

1. An integrated memory array, comprising:

a plurality of horizontally-extending electrically conduc-
tive lines supported by a semiconductor substrate, the
lines being vertically spaced from one another and
extending primarily along a first horizontal axis;

a plurality of horizontally-extending semiconductor mate-
rial wires joined to the lines and extending outwardly
from the lines, the wires extending primarily along a
second horizontal axis that 1s orthogonal to the first axis;
the wires having first ends adjacent the electrically con-
ductive lines, and having second ends in opposing rela-
tion to the first ends; the wires being arranged in a
two-dimensional array; one of the dimensions of the
two-dimensional array being rows along the first hori-
zontal axis, and the other of the dimensions of the two-
dimensional array being columns along a vertical axis
orthogonal to the first and second horizontal axes; the
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horizontally-extending electrically conductive lines
interconnecting wires along the rows of the array;
gate dielectric along outer edges of the wires;
gate material contacting the gate dielectric material along
at least two sides of each individual wire, the gate mate-
rial being comprised by a gate structure that extends
primarily along the vertical dimension;
memory cell structures at the second ends of the wires; and
a plurality of vertically-extending electrical interconnects
connected to the wires through the memory cell struc-
tures, the vertically-extending electrical interconnects
being horizontally spaced from one another; individual
vertically-extending electrical interconnects extending
along individual columns of the array.
2. The mtegrated memory array of claim 1 wherein the
memory cell structures comprise phase change material.
3. The integrated memory array of claim 1 wherein the
memory cell structures comprise magnetic material.
4. The integrated memory array of claim 1 wherein the
memory cell structures are antifuse structures.
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5. The integrated memory array of claim 1 wherein the gate
material contacts the gate dielectric along only two sides of
the individual wires.

6. The mtegrated memory array of claim 1 wherein the
wires are square along a cross-section orthogonal to the sec-
ond horizontal axis.

7. The mtegrated memory array of claim 1 wherein the
horizontally-extending electrically conductive lines com-
prise metal.

8. The mntegrated memory array of claim 1 wherein the
horizontally-extending electrically conductive lines com-
prise metal silicide.

9. The mtegrated memory array of claim 1 wherein the
semiconductor material of the wires comprises channel
implants adjacent the gate material, and comprises source/
drain 1implants at the first and second ends.
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